Abstract The TCP family is a group of plant-specific transcription factors. TCP genes encode proteins harboring bHLH structure, which is implicated in DNA binding and protein-protein interactions and known as the TCP domain. TCP genes play important roles in plant development and have been evolutionarily and functionally elaborated in various plants, however, no overall phylogenetic analysis or expression profiling of TCP genes in Zea mays has been reported. In the present study, a systematic analysis of molecular evolution and functional prediction of TCP family genes in maize (Z. mays L.) has been conducted. We performed a genome-wide survey of TCP genes in maize, revealing the gene structure, chromosomal location and phylogenetic relationship of family members. Microsynteny between grass species and tissue-specific expression profiles were also investigated. In total, 29 TCP genes were identified in the maize genome, unevenly distributed on the 10 maize chromosomes. Additionally, ZmTCP genes were categorized into nine classes based on phylogeny and purifying selection may largely be responsible for maintaining the functions of maize TCP genes. What's more, microsynteny analysis suggested that TCP genes have been conserved during evolution. Finally, expression analysis revealed that most TCP genes are expressed in the stem and ear, which suggests that ZmTCP genes influence stem and ear growth. This result is consistent with the previous finding that maize TCP genes represses the growth of axillary organs and enables the formation of female inflorescences. Altogether, this study presents a thorough overview of TCP family in maize and provides a new perspective on the evolution of this gene family. The results also indicate that TCP family genes may be involved in development stage in plant growing conditions. Additionally, our results will be useful for further functional analysis of the TCP gene family in maize.
Introduction
Transcription factors are important regulators for cell proliferation and cell growth, and they also play great roles in various developmental processes. In plants, an increasing number of gene families encoding different transcription factors have been identified, such as CCCH, HD-Zip and TCP transcription factors (Ma et al. 2016; Peng et al. 2012; xue et al. 2014) . Herein, TCP genes have vital roles in plant development progress. They encode for a group of plant-specific transcription factors, expressed in different tissues and involved in regulating cell growth and development. The TCP family of transcription factors were named after the first four characterized members, including teosinte branched1 (TB1) from maize (Zea mays), cycloidea (CYC) from snapdragon (Antirrhinum majus) and proliferating cell factors1 and 2 (PCF1 and PCF2) from rice (Oryza sativa). Besides, these proteins are characterized by a highly conserved, approximately 60 residue TCP domain in the N-terminal region, which contains a basic helix-loop-helix (bHLH) structure involved in DNA binding and protein interactions (Kosugi and Ohashi 1997) . TCP proteins can be further classified into two subfamilies based on the primary structures of their DNA binding domains. Class I TCP (also known as TCP-P) proteins contain only a conserved TCP domain, whereas class II TCP (also known as TCP-C) proteins contain an R domain which is predicted to form a coiled coil and likely mediates protein interactions and other domains (Cubas 2002; Martín-Trillo and Cubas 2010) .
Over the past few decades, TCP genes have been identified in diverse plant species, such as Arabidopsis and rice. These genes encode proteins involved in the processes of cell proliferation, growth and cell differentiation, such as regulating shoot apical meristem (SAM) development, lateral branching (Hubbard 2003) , leaf development and flower development. In Arabidopsis, TCP genes in class I such as AtTCP7, AtTCP8, AtTCP22, AtTCP23 play important roles in traits of leaf development and the shape of the flower (Aguilar-Martínez and Sinha 2013; Tomotsugu et al. 2007 ). Through yeast two-hybrid and direct protein-protein interaction assays, the AtTCP2, -3, -11, -15 were found to interact with different components and then regulate circadian clock activity (Giraud et al. 2010) , while AtTCP14 and AtTCP15 regulates the cell division in the young internodes, influencing the height of plant (Kieffer et al. 2011) . A recent research indicates that AtTCP14/ AtTCP15 interact with ubiquitin receptor DA1, DA1-related proteins (DAR1, DAR2), and subsequently repress endoreduplication by directly regulating the expression of cell-cycle genes (Yuancheng et al. 2015) . At the same time, AtTCP14 also regulates embryonic development (RuedaRomero et al. 2012) . In rice, two class I members, PCF1 and PCF2 regulate the transcription of proliferating cell nuclear antigen (PCNA), an auxiliary protein of DNA polymerase (Kosugi and Ohashi 1997) . By contrast, in plants, class II genes have greatly contributed to the modification of existing traits and the evolution of novel morphological traits. For example, the AtTCP04 that controls leaf development encodes a TCP family transcription factor containing an miR319-binding site, and it influences the size and shape of leaves (Ori et al. 2007 ). OsTB1 is a unique factor in control of axillary buds in rice, and functions as a negative regulator of lateral branching (Takeda et al. 2003) . Losing of these genes may influence the number of lateral branches. CYC-like genes participate in petal shape formation and may help determine floral bilateral symmetry (Carpenter et al. 1999 ). Tb1/brc1-type mutants in maize and wheat exhibit different increased numbers of branches, implying that tb-1 suppress the occurrence of lateral branches (Hubbard et al. 2002; Lewis et al. 2008) , which may be related to the corresponding gene expression.
Maize is an important cereal crop that serves as a model plant for the study of genetics, evolution and other basic biological processes (Yang et al. 2011) . Functionally important TCP proteins has been comprehensively studied in diverse plants, such as Arabidopsis, rice, Prunus mume and so on, but their evolutionary fate or functions in maize still remain unknown. With the high quality maize genome sequences, genome-wide analysis of maize TCP family is plausible. In the present study, we performed a comprehensive analysis of the maize TCP transcription factor family. We identified 29 non-redundant TCP transcription factor genes in maize and subjected them to systematic analysis, revealing their phylogenetic relationships, chromosomal locations, gene duplication status, substitution rates, gene structures, conserved motifs and expression profiles. Furthermore, we performed a thorough comparative analysis of maize TCP genes with those from Arabidopsis and rice. Interestingly, we found that the expansion of the TCP family in maize may have been caused by segmental duplication and is not associated with tandem duplication. The results of our genome-wide analysis of the ZmTCP gene family will contribute to further studies involving the functional characterization of TCP proteins in maize, and it can also help to identify and perform comprehensive analysis of the TCP transcription factor family in other species.
Materials and methods

Identification of TCP genes in the maize genome
The http://www.maizesequence.org/index.html was used to download the maize (Z. mays L.B73) database searched to detect ZmTCP gene sequences (Sheng et al. 2014) . DNA-TOOLS software was then used to build a local database from the latest complete maize genome sequence information, including nucleotide sequences and protein sequences. The conserved TCP DNA-binding domain sequence was obtained from the Pfam protein family database (http://pfam.sanger.ac.uk/). And it was used as a query to search against the maize protein database with the BLASTP program (P value = 0.001). In order to confirm the putative TCP genes in the maize genome, the amino acid sequences of all the proteins were searched for the presence of TCP domains by Pfam and SMART (http:// smart.embl-heidelberg.de/). After examining, the redundant genes was removed, and all of the non-redundant TCP genes were used for further analysis. The molecular weight (kDa) and isoelectric point (PI) of each protein were calculated using the ExPASy program (http://www.expasy. org/tools/).
Phylogenetic analysis, gene location and duplication
Multiple sequence alignments were conducted on the amino acid sequences of TCP proteins in the Z. mays, rice and Arabidopsis genomes using Cluster X version 1.83 with default settings (Thompson et al. 1994) . Subsequently, MEGA 6.0 software was employed to construct an unrooted tree based on the alignment using neighborjoining (N-J), bootstrap analysis was performed using 1000 replicates. Additionally, a separate phylogenetic tree was constructed based on all of the TCP protein sequence in Z. mays for further analysis, but bootstrap analysis was performed using 100 replicates. BlastP searches were performed against the Z. mays genome database in Phytozome (http://www.phytozome.net/zeamays.phb) to obtain information about the physical locations of all ZmTCP genes. The diagram of the chromosome locations of TCP genes was generated using MapInspect software (http://mapin spect.software.informer.com/). The duplication of TCP genes were also investigated. The duplication is important to expand, to confirm the duplicate gene, all of the confirmed ZmTCP protein sequences were aligned using ClustalW, their evolutionary distances were computed and all identical sequences were checked manually to remove redundant sequences. Finally, consisting with the criteria on the following, the duplication were admitted: length of Gene structure analysis and identification of conserved motifs
The TCP gene sequences and CDS were extracted from the downloaded maize genome sequences. Identification of the exon/intron organization of the ZmTCP genes was performed with Gene Structure Display Server (GSDS; http:// gsds.cbi.pku.edu.cn/) by aligning the cDNAs with their corresponding genomic DNA sequences. To identify the conserved motifs, the maize TCP proteins sequences were submitted to the online Multiple Expectation maximization for Motif Elicitation (MEME) program, with the following parameters: any number of repetitions, the optimum width = 6-200 residues, and maximum number of motifs = 20.
Calculation of Ka/Ks values
The number of non-synonymous substitutions per nonsynonymous site (Ka) and the number of synonymous substitutions per synonymous site (Ks) of duplicated genes were calculated using DnaSPv5.0. The ratio of non-synonymous to synonymous nucleotide substitutions (Ka/Ks) between paralogs was analyzed to detect the mode of selection. To estimate the timing of the duplication events, the Ks value was translated into duplication time in millions of years based on a rate of k substitutions per synonymous site per year. The duplication time (T) was calculated as T = Ks/2k 9 10 -6 Mya (k = 6.56 9 10 -9
for grasses) (Gaut et al. 1996) . Indeed, a sliding window analysis of Ka/Ks ratios was performed with the following parameters: window size, 150 bp; step size, 9 bp.
RNA isolation and real-time quantitative RT-PCR analysis
To detect the expression profiles of TCP genes in Z. mays, total RNA was prepared using RNA Plus, followed by DNase I treatment to remove any genomic DNA contamination. RNA concentrations were determined using a NanoDrop ND-1000 UV-Vis spectrophotometer, and the integrity of the RNA was assessed on a 2% (w/v) agarose gel. Next, 1 lg of total RNA was reverse transcribed into cDNA using a Transcriptor First Strand cDNA Synthesis Kit (Roche Switzerland). Quantitative RT-PCR was carried out using an ABI PRISM 7300 real-time PCR system. Each reaction contained 12.5 ll FastStart Universal SYBR Green Master (ROX), 2 ll cDNA sample and 1 ll primer (10 ng/ll). Each pair of primers was designed using Primer Express 3.0 software, targeting an amplicon size of 90-190 bp. The thermal cycling conditions were as follows: 95°C for 10 min, followed by 40 cycles at 95°C for 15 s and 60°C for 1 min. The specificity of the reactions was verified by melting curve analysis. The relative mRNA level for each gene was calculated as 2 -DDCT value in comparison to unstressed seedlings (Livak and Schmittgen 2001) . The maize Actin 1 gene was used as an internal control for normalization. At least three replicates of each cDNA sample were performed for quantitative RT-PCR analysis.
Detection of orthologous gene pairs
The OrthoMCL (http://orthomcl.org/orthomcl/) was used to identify the orthologs of TCP genes among maize, rice and sorghum (Li et al. 2003) . The relationships of the orthologous pairs among the three species were plotted using Circos (http://circos.ca/) (Krzywinski et al. 2009 ).
b Fig. 2 Phylogenetic analysis. The phylogenetic tree was constructed using previously reported Arabidopsis and rice TCP sequences and maize TCP sequences using the neighbor-joining (N-J) method, with 1000 bootstrap replicates. The protein sequences could be divided into two distinct subfamilies. Class II was further divided into two group (CIN and CYC/TB1). Blue lines represent PCF, and dark blue for CIN, red for CYC/TB1 (colour figure online) 
Results
Identification and genomic location of TCP proteins in maize
The sequences of TCP domain HMM profile (PF03634) were employed as a query to search against the maize genome database with the BlastP program. Originally, a total of 46 TCP genes were identified. After removing redundant sequences, a total of 29 maize genes were obtained. Subsequently, all these 29 proteins were submitted for Pfam matches to check whether TCP domains exist. The total number of TCP proteins in maize is greater than that in rice and Arabidopsis (Table 1) . At last, details about each ZmTCP isoelectric point (pI), molecular weight (Mw), the length of protein and chromosome location are provided in Table 2 . The TCP proteins consisted of 93 to 471 amino acids (aa), with an average of 225 aa, thus exhibiting diversity in their lengths. Moreover, the molecular weight ranged from 15.1 to 69.6 kDa and isoelectric point varied from 5.21 to 11.95. All information of ZmTCP protein sequences are summarized in Table 2 . Furthermore, based on the starting position of each gene on the chromosome, the 29 maize TCPs were mapped onto chromosomes (Fig. 1) . All the 29 putative proteins were found to harbor TCP domains and regarded as TCP family members. We next designated these 29 TCP genes ZmTCP1 to ZmTCP29 according to their physical locations (from top to bottom) on chromosomes 1-10. The distribution of maize TCP genes varies among chromosomes and appears to be uneven. Chromosome 4 possesses as many as six TCP genes (the largest number of TCP genes on a chromosome), while no more than three TCP genes were located on the other chromosomes. Chromosome 7, 8 and 9 contain only one maize TCP gene. Two ZmTCPs are located on chromosome 3 and 8, and three ZmTCPs are located on chromosome 1, 5, 6 and 10.
Phylogenetic analysis of TCP proteins
To elucidate the evolutionary history of TCP genes, we constructed an unrooted phylogenetic tree using the neighbor-joining (N-J) method of all maize TCP genes, Fig. 4 Protein motifs of ZmTCPs. Each color represents a specific motif in the protein identified using the MEME motif search tool. The order of the motifs only represents the motif in the protein sequence and does not represent the actual location and size (colour figure online) et al. 2005) . Based on the subdomain of these TCP genes, the 29 TCP members were divided into two classes. In general, genes clustered in the same group of a phylogenetic tree often share similar functional features. The
Arabidopsis TCP genes clustered in group PCF in our phylogenetic tree were previously reported to participate in proliferation, suggesting that these genes may play essential roles in plant growth (Martín-Trillo and Cubas 2010). In order to decipher the evolutionary relationships within maize TCP family member, an N-J tree was constructed, only with the sequences of 29 maize TCP proteins. Based on the topological relationship of maize TCP genes (Fig. 3) , we identified eight sister pairs, all of which had high bootstrap support. The TCP genes were further categorized into nine major subgroups, including A, B, C, D, E, F, G, H and I. The A and I subfamilies belong to class I, while B, C, D, E, F, G and H belong to class II. Class II can also be divided into two subfamily, CIN and TB1/CYC, with B, C, D and E belonging to TB1/CYC and F, G and H belonging to CIN. The largest subgroup is A, which contains seven members. Some subgroups only contain two genes, such as C, D, E and G.
Structure and domain conservation analysis of TCP proteins
To further confirm the phylogenetic relationships and to examine the diversity of ZmTCP gene structure, we compared the exon/intron organizations in the coding sequences of individual ZmTCP genes in Z. mays, revealing that only nine genes are disrupted by introns (ZmTCP04, , while the remaining genes lack introns. The introns are present in subgroups B, G and I. Among the genes, ZmTCP07 has five introns and ZmTCP06 has six introns. These results are consistent with the results of phylogenetic analysis, in which genes clustered in the same group display similar exon/intron structures, especially regarding the number of introns. However, in some cases, the number of exons/introns varies among genes clustered together in the phylogenetic tree. For example, the introns in subgroup B are different, ZmTCP14(2), ZmTCP28(2), ZmTCP07(5), ZmTCP06(4). We further searched for conserved motifs in TCP proteins using the MEME web server to examine the diversity of motif compositions among ZmTCPs. As shown in Fig. 4 , 20 conserved motifs (designated motif 1-20) were identified in maize TCP proteins. All ZmTCPs have conserved domain, motif 1 and motif 2 represent a highly conserved 60-residue-long DNA-binding structure at the N-terminus, called the TCP conserved domain. The proteins in the same subgroup share similar conserved motifs, but high divergence was observed among subgroups. All the TCP proteins harbor motif 1 or motif 2. All proteins in subgroup A contain motif 1 and motif 4, while all ZmTCPs in subgroup H possess motif 1, 2, 4, 8, 9, 11, 19, 20 . Proteins in subgroup E contain motif 10, which does not exist in other subgroups. Generally speaking, the results of phylogenetic analysis are supported by the domain architecture and exon/intron structures.
Gene duplication analysis
Gene duplication events are important events implicated in gene family expansion, mainly including tandem and segmental duplications (Leister 2004 ). To detect tandem or segmental duplications within maize TCP members, we firstly defined genes locating in the same clade of the phylogenetic tree, which exhibits high bootstrap values, as co-paralogs in the same species (Fig. 3) . Secondly, these paralogs were further designated as segmental duplication if they are co-paralogs and located on duplicated chromosomal blocks as proposed by Wei et al. (2007) . Tandem duplication generates gene copies through chromosome crossing over. Finally, based on phylogenetic analysis and chromosomal locations of ZmTCPs, a total of 16 maize TCP genes was found to be involved in segmental duplication, while no tandem duplication events were detected. All three ZmTCPs on chromosome 1 have taken part in segmental duplication events. Chromosome 10 has three ZmTCP genes, but no duplication events occurred on this chromosome. Whereas chromosome 7 and 9 share two ZmTCP genes, both of them belong to segmental duplication events. Segmental duplication occurred in all subgroups except subgroup B (Table 3) .
To explore the selective constraints on duplicated TCP genes, we calculated the Ks and Ka/Ks ratio for each duplicated TCP gene pairs (Table 4 ). The ratio of synonymous mutations (Ka) to non-synonymous mutations (Ks), (Ka/Ks) is widely applied to measure the rate of genetic evolution, which is also referred to as selection pressure. According to the natural selection theory, Ka/ Ks [ 1 indicates positive selective, while Ka/Ks = 1 indicates neutral selection and a ratio \ 1 indicates negative or purifying selection. In the present study, all eight duplicated pairs were investigated. The results show that the Ka/Ks ratios of all eight pairs were \ 1, indicating the effect of strong purifying selection and the slow evolution rate in TCP protein sequences. Based on Ka/Ks analysis, we conclude that purifying selection is the major evolutionary force on maize TCP genes. The duplication of the eight paralogous gene pairs was estimated to have occurred 2.43-19.38 million years ago (Mya), according to the substitution rate of 6.5 9 10 -9 substitutions per site per year (Gaut et al. 1996; Li et al. 2013) . Therefore, we performed sliding window analysis of the Ka/Ks ratios between each pair of TCP genes (Fig. 5) , which directly reflects the relationships between paralogous genes.
Interspecies microsynteny analysis
Previous study demonstrate that genes originated from a common ancestor may have chromosome collinearity among species, and whole-genome duplications is an important driving force for gene family expansion (Abrouk et al. 2010) . To better understand collinearity of ZmTCP members in monocotyledons maize, rice and sorghum, we identified 92 orthologs in maize, rice and sorghum by OrthoMCL, which was used to generate a microsynteny map (Fig. 6, Table S1 ). Based on these comparisons, 32 collinear gene pairs between maize and rice, 34 collinear gene pairs between maize and sorghum, 22 of the maize gene are present in collinear gene pairs, ZmTCP06, -07, -11, -12, -14, -20 and -28 have paralogs within the maize, which might have resulted from ancient tetraploidy processes during the course of evolution. ZmTCP01 have two collinear gene pair in rice and sorghum respectively (ZmTCP01/LOC_Os08g33530.1, ZmTCP01/ LOC_Os09g24480.1, ZmTCP01/Sb07g021140.1, ZmTCP01/ Sb02g024450.1), indicating gene loss in maize. Interestingly, some collinear gene pairs identified between maize and sorghum were not identified between maize and rice, such as ZmTCP19/Sb04g038140.1, perhaps due to the progenitor of sorghum and the two progenitors of maize diverged at nearly the same time (approximately 11.9 Mya). The duplication events were evident on every chromosome except for chr8 in sorghum, as well as chr10 and chr12 in rice.
Analysis of the expression of ZmTCP genes in different developmental stages
We performed quantitative reverse-transcription PCR (qRT-PCR) to investigate the expression profiles of TCP genes in different organs in maize. The results show that the 29 ZmTCP genes exhibited differential expression patterns in the six tissues examined (Fig. 7) . Twenty of the genes (ZmTCP03, showed high expression in stems. ZmTCP01, -02, -04 and -05 were highly expressed in ears. ZmTCP22 and -24 showed high expression in leaves, with relatively low expression in other tissues. ZmTCP13 was mainly expressed in tassels. ZmTCP14 and ZmTCP19 mainly expressed in roots, stems and leaves. At the same time, the expression of ZmTCP12 was not detected in any of the organs, perhaps this gene is specifically expressed in other organs.
Members possessing similar sequences are clustered in the same subfamilies (Ma et al. 2014 ), these genes may have similar expression patterns or functions. For example, the genes in subgroup A, subgroup B and subgroup H were all highly expressed in stems, while ZmTCP19 was expressed in all six tissues, suggesting that it may play roles at multiple developmental stages. Some genes clustered in the same phylogenetic subgroup have similar expression profile. For example, ZmTCP04 and ZmTCP11 were highly expressed in stems and ears, and ZmTCP02 and ZmTCP18 were highly expressed in ears.
Discussion
TCP genes are a class of plant-specific transcription factor, which have been identified in diverse plants. TCP proteins can influence cell proliferation and differentiation to regulate corresponding growth and developmental progress. Although the plant-specific TCP genes have been analyzed in Arabidopsis, rice and Gossypium raimondii, this gene family has not previously been examined or annotated in maize. In this study, 29 non-redundant TCP genes were identified in maize, whereas, Arabidopsis and rice contain only 24 and 25 TCP genes, respectively. Segmental duplication plays important role in the evolutionary history of maize TCP genes. The higher number of TCP genes in maize versus Arabidopsis (24) and rice (25) suggests that the expansion of the maize TCP family was caused by plant evolutionary diversification and duplication events such as segmental duplication and tandem duplication. However, only segmental duplication appears to have played an important role in ZmTCP evolution. The plant genome and biological evolutionary processes generate variations in original genetic material, genetic drift and choices, leading to the evolution of new gene functions and gene networks. Duplication is the main driver of gene expansion. In this study, we found that segmental duplication was the primary driver of TCP gene expansion, which is consistent with findings from Arabidopsis and rice TCP families (Yao et al. 2007) . Almost every chromosome in maize contains duplicated genes. Therefore, we hypothesized that the maize TCP gene family is a slowly evolving gene family during evolution. The segmental duplications might have played a key role in the expansion of the maize TCP gene family, which was also observed in some other maize gene families, such as CCCH zinc fingers (Peng et al. 2012) . The results of Ka/Ks analysis suggest that the duplication of ZmTCP genes occurred in 2.43-19.38 Mya. The prevalence of orthologous pairs and segmental duplication in all three species suggests that the TCP gene family is a conserved and slowly evolving family in plants, which may also explain a little difference numbers of TCP proteins in these three species. Microsynteny analysis also supports the notion that duplication led to gene expansion. 22 maize TCP genes have orthologs in rice and sorghum. Therefore, we hypothesized that the maize TCP gene is a slowly evolving gene family during evolution.
Comparative genomics showed that the euchromatic regions are highly conserved between rice and maize (Wei et al. 2007) . The current results also show that maize ZmTCP and rice TCP genes are highly conserved. Many TCP genes in maize have two or more counterparts in rice with high protein sequence similarity (orthologs), implying that maize and rice may have a common ancestor. We also analyzed the gene structures and exon/intron structures of ZmTCP genes. There are eight pairs of paralogous maize TCPs, all of which have conserved structures, especially genes in the same subgroup. These findings suggest that genes in the same subgroup may have similar functions. However, some differences still exists. For example, structural analysis showed that ZmTCP04 and ZmTCP11 have different numbers of introns; ZmTCP04 has one intron, while ZmTCP11 has two introns, which may be due to intron loss or gain during the process of evolution. We further studied the conserved motifs in maize TCP proteins. Class I and class II proteins play different roles, as they compete for various targets or partners. The seven subfamily A members have similar motifs, indicating that the gene structure of the TCP family is highly conserved. Class II members have diverse motifs, which may be due to their functional diversification. Class I family genes are mainly expressed in plant meristems, and they are specifically expressed. Class II genes are extensively expressed in different organs, in addition to meristematic cells, these genes are also expressed in flowers, leaves, roots, seeds and some other vegetative organs (Reeves and Olmstead 2003) . We speculate that TCP family genes may function throughout plant development. Furthermore, several motifs were exclusively observed in certain groups, such as motif 14 (I), motif 15 (E), motif 17 (F). These motifs might contribute to the specific functions of the TCP proteins, such as maintaining genome stability, DNA methylation, replication and transcriptional regulation.
The results show that the 29 ZmTCP genes exhibited differential expression patterns in the six surveyed tissues (Fig. 6) . Twenty-two of the genes (ZmTCP01, were highly expressed in stems and ears, implying that these genes may play important roles in the growth of axillary organs and the formation of ears. These results are consistent with the results of a previous study demonstrating that in maize, TB1 represses the growth of axillary organs and promotes the formation of female inflorescences (Doebley et al. 1997) ; perhaps the ZmTCP genes have a similar function. ZmTCP21, -22 and -24 were highly expressed in leaves and at relatively low levels in other tissues, indicating that they may play important roles in leaf development. ZmTCP13 mainly expressed in tassels, suggesting that it may be related to pollen formation. ZmTCP14 and ZmTCP19 were mainly expressed in roots, stems and leaves, implying that these genes function in these organs. At the same time, ZmTCP12 expression was not detected in the six organs examined, but it may be expressed in other organs. Divergent expression patterns in paralogous pairs may lead to evolutionary diversification of gene functionalization. Most duplicated ZmTCP genes exhibited distinct expression patterns. These results suggest that chromosomal duplication events led to the divergence between duplicated genes and may have contributed to the diversity of gene function over the course of evolution.
Conclusions
In summary, the TCP family has important functions in various developmental processes in plants. This study will prove to be useful in further study of the functions of ZmTCP genes, particularly for members with potentially important functions in plant growth. However, further experiments should be conducted to directly examine the functions of ZmTCP genes.
